All relevant data are within the paper and its Supporting Information files.

Introduction {#sec004}
============

The development of agricultural systems, ongoing urbanization, industrialization and globalisation over the past century have led to an increase in the area of degraded lands, the fragmentation of natural vegetation and the loss of natural and semi-natural habitats \[[@pone.0175664.ref001]\]. Ash dumps, stone, gravel and sand quarries, together with urban and agricultural areas, are the most typical anthropogenic habitats that provide refuges for biological diversity \[[@pone.0175664.ref002]--[@pone.0175664.ref005]\]. Their role as replacement habitats to preserve insects biodiversity has recently attracted worldwide attention \[[@pone.0175664.ref006]--[@pone.0175664.ref012]\].

Postindustrial soda ash dumping sites, formed as a result of industrial processes for the production of sodium carbonate, calcium chloride, precipitated calcium carbonate and calcium fertilizers \[[@pone.0175664.ref013]\], represent a very special type of anthropogenic habitat.

The waste silt that remains after producing soda ash contains about 80% calcium carbonate (CaCO~3~) and is highly alkaline. The concentration of salts in these silts depends on the age of the deposit. The alkaline and salty waste from the soda production process is also rich in compounds such as CaSO~4~, Ca(OH)~2~, Fe(OH)~3~, silicates and aluminosilicates, and the supernatant is a solution of NaCl, KCl, NH~4~OH, Na~2~SO~4~, NaOH or MgCl~2~ \[[@pone.0175664.ref014]\]. In our study these sediments had been stored and drained next to the factories in sedimentation basins, which are in the form of slag heaps 16 m high, covering ca. 100 ha in Inowrocław and ca. 125 ha in Janikowo. The sediments are among the most environmentally harmful waste and they do not easily develop a vegetation cover \[[@pone.0175664.ref015]\]. The waste harms the surrounding environment mostly by permeating soda and chlorine salts into the substrate. Dust blown from the sediment is also hazardous \[[@pone.0175664.ref016]\]. As salinity and alkalinity decrease over time, this unfavourable biotope is slowly colonised by a typical synanthropic vegetation \[[@pone.0175664.ref015]\]. Since it might take decades to revegetate the dumps, technical and biological recultivation is often recommended \[[@pone.0175664.ref016]--[@pone.0175664.ref017]\].

The role of soda ash dump sites as replacement habitats for animal species is not well understood yet. A few pilot studies have suggested that such sites represent suitable areas for Aculeate diversity \[[@pone.0175664.ref018], [@pone.0175664.ref019]\]. In our first work we studied the diversity of Chrysididae in areas of the soda and calcareous industry, while in the second, we conducted some preliminary research on Aculeata biodiversity in areas of the soda industry, where we found only 38 species of Crabronidae. These studies were conducted without an evaluation of the role of microhabitats and phytoindicatory methods.

Digger wasps, which are the subject of our study, occur in various habitats, concentrating in places rich in prey for the larval stages and abundant in nectar sources for adult provisions. Digger wasps, like other Aculeata often rely on multiple habitats, feeding in one but gathering building materials in another \[[@pone.0175664.ref020]\]. The complexity and diversity requirements of life make Sphecidae a particularly vulnerable group to changes in the environment \[[@pone.0175664.ref021], [@pone.0175664.ref022]\]. The vast majority of species of digger wasps prefer open areas, including dry and warm grasslands, although some of them are associated with forests \[[@pone.0175664.ref023]\]. Two hundred and thirty-three species of *Spheciformes* have been reported in Poland \[[@pone.0175664.ref024]--[@pone.0175664.ref030]\].

The paper by Wiśniowski \[[@pone.0175664.ref030]\] offers the most comprehensive resource for distribution and diversity of digger wasps in Poland. In addition, there is also literature available on the impact of environmental factors on the fauna and flora present in the areas under industrial anthropopressure in Poland and Europe \[[@pone.0175664.ref003], [@pone.0175664.ref005], [@pone.0175664.ref007], [@pone.0175664.ref018], [@pone.0175664.ref031], [@pone.0175664.ref032]\], but there is no information on the Spheciformes living on soda ash dumping sites.

Habitats provided by soda waste dumps are unusual. The high content of calcium carbonate in the soil changes its thermal properties, supporting the development of thermophilic habitats and promotes thermophilic fauna, but excessive moisture in the ground can reduce the number of nesting places available for many Spheciformes species. Therefore, it is very important to understand the mechanisms influencing the diversity of the selected species groups in the studied areas.

In this paper, we will attempt to answer the following questions: (1) what are the habitat, nesting and food preferences of the *Spheciformes* occurring in the areas under the influence of the soda ash industry? (2) How does anthropogenic pressure, measured in terms of soil degradation and successional stages on soda ash dumping sites (basins), determine the richness, and abundance of digger wasps? (3) What microhabitat structure provides the optimum nesting conditions for *Spheciformes* living on soda ash dumping sites?

We formulated a hypothesis that soda ash dumps, due to their favorable microclimate, can act as replacement habitats for thermophilic digger wasps. Our other hypothesis assumed that microhabitats that are excessively moist, salty and alkaline are not preferred by digger wasps although these sites can be favored by their potential prey \[[@pone.0175664.ref033]\].

On the other hand, stress factors negatively affect some flora and fauna species, thus, it is very important to understand the habitat preferences of the species as well as their adaptive potential in an anthropogenic environment.

Materials and methods {#sec005}
=====================

All necessary permits were obtained for the described study, which complied with all relevant regulations. Permits L. Twerd 297/2007/2008 and L. Twerd 356/2009/2010 for conducting research on the area of the Soda Polska Ciech company in Inowrocław and Janikowo.

Study area {#sec006}
----------

The studies were carried out in the Kujawy region of Central Poland ([Fig 1](#pone.0175664.g001){ref-type="fig"}), in the area of the Mid-Polish Anticlinorium (Kujawy-Pomeranian Zone), rich in salt plugs, Jurassic lime and marl sediments that are used by the soda ash industry. The investigations were conducted in soda ash wastelands that were still in use and unique in Poland, owned by Soda Polska CIECH sp. z o.o., with two soda ash facilities: SODA MĄTWY in Inowrocław (N: 52° 45' 17.03", E: 18° 14' 16") and JANIKOSODA in Janikowo (N: 52° 46' 27.61", E: 18° 7' 21.63").

![The study area with soda ash wastelands in the Kujawy region of central Poland.\
Study sites: **microhabitat 1**, sites A, B: succession stage I (A1, B1--2009 year, A2, B2--2010 year); m**icrohabitat 2**, sites C, D: succession stage II (C1, D1--2009 year, C2, D2--2010 year); **microhabitat 3**, sites E, F: succession stage III (E1, F1--2007 year, E2, F2--2008 year, E3, F3--2009 year) (see Tables [1](#pone.0175664.t001){ref-type="table"} and [2](#pone.0175664.t002){ref-type="table"}).](pone.0175664.g001){#pone.0175664.g001}

Highly saline, alkaline and moist solid waste and industrial wastewater are disposed of and hydraulically drained into sedimentation basins in areas next to the factory sites. The waste heaps are up to 16 m high. In total, the dump sites cover ca. 100 ha in Inowrocław and ca. 125 ha in Janikowo.

Our studies covered two soda ash dumping sites (in Inowrocław and Janikowo). The insects were collected in three microhabitats undergoing spontaneous succession: **microhabitats 1:** succession stage I \[A, B\] soda ash waste, herbaceous vegetation coverage \< 60%; **microhabitats 2:** succession stage II \[C, D--the slopes of heaps\] soda ash waste, herbaceous vegetation coverage \> 60%; **microhabitats 3:** succession stage III \[E, F\] soda ash waste, herbaceous vegetation coverage \> 80%, tree coverage \> 5% ([Fig 1](#pone.0175664.g001){ref-type="fig"}, Tables [1](#pone.0175664.t001){ref-type="table"} and [2](#pone.0175664.t002){ref-type="table"}).

10.1371/journal.pone.0175664.t001

###### Characteristics of the three microhabitats and values of the component "anthropopressure" extracted by PCA: \[1\]---Soil degradation, \[2\]---Succession stage.

![](pone.0175664.t001){#pone.0175664.t001g}

  ------------------ ---------------- -------------------------------------------------------- ----------------------------- ----------------- --------------------------
  **Microhabitat**   **Site**         **r = 200 m**\                                           **\[1\]**\                                      
                                      **Percentage of plant species that are indicators of**   **Component**\                                  
                                                                                               **\"soil degradation\"**                        

  salty soils        alkaline soils   moist soils                                                                                              

  1                  A                17.24                                                    31.03                         13.79             0.609

  B                  15.00            33.12                                                    12.02                         0.568             

  2                  C                5.26                                                     19.04                         10.52             0.237

  D                  2.56             19.95                                                    9.52                          0.065             

  3                  E                0.00                                                     14.78                         7.69              -0.351

  F                  0.00             12.82                                                    7.30                          -0.363            

  **Microhabitat**   **Site**         \% of bare surface with no plants                        \% of herbaceous vegetation   \% of woodlands   **\[2\]**\
                                                                                                                                               **Component**\
                                                                                                                                               **\"succession stage\"**

  1                  A                50                                                       50                            0                 -0.495

  B                  45               55                                                       0                             -0.472            

  2                  C                30                                                       70                            0                 -0.388

  D                  20               80                                                       0                             -0.308            

  3                  E                5                                                        85                            10                0.531

  F                  5                90                                                       5                             0.383             
  ------------------ ---------------- -------------------------------------------------------- ----------------------------- ----------------- --------------------------

10.1371/journal.pone.0175664.t002

###### The list of Spheciformes species in the areas influenced by the soda ash industry.

The ecological classification of the species was based on the works of Jacobs and Oehlke \[[@pone.0175664.ref039]\], Schmid-Egger et al. \[[@pone.0175664.ref040]\] and Blösch \[[@pone.0175664.ref023]\]: 1--18 (eurytopic open areas species), 19--47 (stenotopic open areas species), 48--64 (stenotopic forest species). Threat categories according to Fauna of Poland \[[@pone.0175664.ref046]\]: EX?--probably extinct; VU--vulnerable, NT--nearly threatened; DD--deficient data; vrm--very rare, rm--rare.Nesting preferences: en--endogeic species (nesting in the ground), (en)--cleptoparasite endogeic species, hy--hypergeic species (nesting above ground). Food preferences: Ara--Araneae, Dip--Diptera, Col--Coleoptera, He-Ap--He-an--Hemiptera-another, Hym--Hymenoptera, cl--cleptoparasite, Ort--Orthoptera, Ort-Bla--Orthoptera & Blattodea, Lep--Lepidoptera.

![](pone.0175664.t002){#pone.0175664.t002g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  No                                                                   Species                                                       Status      Nesting      Food         Inowrocław   Janikowo                     
  -------------------------------------------------------------------- ------------------------------------------------------------- ----------- ------------ ------------ ------------ ----------- ----- ----- ---- ----
  1                                                                    *Alysson spinosus* (Panzer, 1801)                             \-          en           He-an        \-           \-          \-    1     \-   \-

  2                                                                    *Ammophila campestris* Latreille, 1809                        \-          en           Hym          \-           \-          \-    2     \-   \-

  3                                                                    *Ammophila sabulosa* (Linnaeus, 1758)                         \-          en           Lep          \-           1           5     5     19   6

  4                                                                    *Argogorytes mystaceus* (Linnaeus, 1761)                      \-          en           He-an        1            1           \-    6     \-   \-

  5                                                                    *Astata boops* (Schrank, 1781)                                \-          en           He-an        9            2           14    15    4    \-

  6                                                                    *Cerceris quinquefasciata* (Rossi, 1792)                      \-          en           Col          4            26          25    31    58   16

  7                                                                    *Cerceris rybyensis* (Linnaeus, 1771)                         \-          en           Hym          22           30          175   171   42   46

  8                                                                    *Crabro cribrarius* (Linnaeus, 1758)                          \-          en           Dip          139          15          175   34    7    \-

  9                                                                    *Diodontus minutus* (Fabricius, 1793)                         \-          en           He-Ap        \-           \-          1     1     3    3

  10                                                                   *Diodontus tristis* (Curtis, 1829)                            \-          en           He-Ap        \-           \-          \-    1     \-   4

  11                                                                   *Harpactus lunatus* (Dahlbom, 1832)                           \-          en           He-an        \-           \-          \-    \-    3    \-

  12                                                                   *Lindenius albilabris* (Fabricius, 1793)                      \-          en           He-an        \-           1           4     13    8    10

  13                                                                   *Lindenius pygmaeus* (Rossi, 1794)                            \-          en           Hym          \-           \-          \-    45    4    1

  14                                                                   *Mellinus crabroneus* (Thunberg, 1791)                        \-          en           Dip          1            \-          \-    \-    \-   2

  15                                                                   *Oxybelus bipunctatus* Olivier, 1812                          \-          en           Dip          \-           \-          1     25    \-   \-

  16                                                                   *Oxybelus trispinosus* (Fabricius, 1787)                      \-          en           Dip          \-           \-          \-    1     \-   \-

  17                                                                   *Philanthus triangulum* (Fabricius, 1775)                     \-          en           Hym          6            1           7     9     3    5

  18                                                                   *Tachysphex pompiliformis* (Panzer, 1805)                     \-          en           Ort          \-           \-          5     9     13   12

  19                                                                   *Cerceris arenaria* (Linnaeus, 1758)                          \-          en           Col          \-           1           \-    1     \-   1

  20                                                                   *Cerceris flavilabris* (Fabricius, 1793)                      vrm\        en           Col          \-           \-          1     \-    \-   \-
                                                                                                                                     NT\                                                                             
                                                                                                                                     NT                                                                              

  21                                                                   *Cerceris interrupta* (Panzer, 1799)                          \-          en           Col          \-           \-          \-    \-    2    \-

  22                                                                   *Crabro peltarius* (Schreber, 1784)                           \-          en           Dip          \-           \-          \-    4     1    1

  23                                                                   *Crabro scutellatus* (Scheven, 1781)                          \-          en           Dip          \-           \-          1     27    4    1

  24                                                                   *Diodontus luperus* Shuckard[, 1837]{.smallcaps}              \-          en           He-an        \-           \-          \-    1     \-   1

  25                                                                   *Dryudella stigma* (Fabricius, 1793)                          \-          en           He-an        1            \-          3     10    \-   \-

  26                                                                   *Entomognathus brevis* (van der Linden, 1829)                 \-          en           Col          \-           \-          \-    2     1    1

  27                                                                   *Gorytes quinquefasciatus* (Panzer, 1798)                     \-          en           He-an        \-           \-          1     \-    \-   2

  28                                                                   *Harpactus laevis* (Latreille, 1792)                          vrm VU      en           He-an        \-           \-          \-    \-    1    \-

  29                                                                   *Lestica alata* (Panzer, 1797)                                VU          en           Lep          \-           2           4     9     1    4

  30                                                                   *Lindenius panzeri* (Van der Linden, 1829)                    \-          en           Dip          \-           \-          2     2     \-   1

  31                                                                   *Mimesa bicolor* (Jurine, 1807)                               \-          en           He-an        1            \-          1     \-    \-   \-

  32                                                                   *Nysson dimidiatus* Jurine, 1807                              \-          (en)         Cl           \-           \-          \-    \-    \-   1

  33                                                                   *Nysson interruptus (Fabricius*, *1798)*                      \-          (en)         Cl           2            \-          2     12    1    \-

  34                                                                   *Nysson maculosus* (Gmelin, 1790)                             \-          (en)         Cl           12           3           66    81    14   13

  35                                                                   *Nysson niger* Chevrier, 1868                                 NT          (en)         Cl           \-           \-          2     7     \-   1

  36                                                                   *Nysson tridens* Gerstaecker, 1867                            \-          (en)         Cl           \-           \-          \-    1     \-   \-

  37                                                                   *Oxybelus mandibularis* Dahlbom, 1845                         \-          en           Dip          \-           \-          \-    60    2    1

  38                                                                   *Oxybelus quatuordecimnotatus* Jurine[, 1807]{.smallcaps}     \-          en           Dip          5            3           16    354   9    21

  39                                                                   *Oxybelus uniglumis* (Linnaeus, 1758)                         \-          en           Dip          \-           \-          \-    3     5    1

  40                                                                   *Oxybelus variegatus* Wesmael[, 1852]{.smallcaps}             VU          en           Dip          \-           \-          \-    3     1    1

  41                                                                   *Podalonia affinis* (Kirby, 1798)                             \-          en           Lep          1            1           5     5     9    2

  42                                                                   *Podalonia hirsuta* (Scopoli, 1763)                           \-          en           Lep          1            \-          \-    \-    1    \-

  43                                                                   *Tachysphex fulvitarsis* (Costa, 1867)                        EX?         en           Ort          \-           \-          \-    2     1    1

  44                                                                   *Tachysphex nitidus* (Spinola, 1805)                          \-          en           Ort-Bla      \-           \-          \-    \-    \-   2

  45                                                                   *Tachysphex psammobius* (Kohl, 1880)                          NT          en           Ort          \-           1           \-    1     \-   \-

  46                                                                   *Tachysphex unicolor* (Panzer, 1809)                          vrm         en           Ort          \-           \-          \-    1     \-   \-

  47                                                                   *Astata minor* Kohl, 1885                                     \-          en           He-an        \-           \-          3     1     \-   \-

  48                                                                   *Crossocerus cetratus* (Shuckard, 1837)                       \-          hy           Dip          \-           \-          \-    \-    1    \-

  49                                                                   *Ectemnius confinis* (Thomson, 1870)                          vrm         hy           Dip          \-           \-          \-    17    \-   6

  50                                                                   *Ectemnius continuus* (Fabricius, 1804)                       \-          hy           Dip          \-           \-          \-    2     20   5

  51                                                                   *Ectemnius dives* (Lepeletier [&]{.smallcaps} Brullé, 1834)   \-          hy           Dip          1            \-          \-    2     \-   1

  52                                                                   *Ectemnius rubicola* (Dufour [&]{.smallcaps} Perris,1840)     \-          hy           Dip          \-           \-          \-    2     1    \-

  53                                                                   *Nysson trimaculatus* (Rossi, 1790)                           \-          (en)         Cl           \-           \-          \-    1     1    \-

  54                                                                   *Passaloecus clypealis Faester*, 1947                         DD          hy           He-Ap        \-           \-          \-    3     \-   \-

  55                                                                   *Passaloecus singularis* Dahlbom, 1844                        \-          hy           He-Ap        \-           \-          \-    3     \-   1

  56                                                                   *Pemphredon austriaca* (Kohl, 1888)                           vrm         hy           He-Ap        1            \-          2     5     4    3

  57                                                                   *Pemphredon inornata* Say, 1824                               \-          hy           He-Ap        \-           \-          \-    \-    1    \-

  58                                                                   *Pemphredon lethifer* (Shuckard, 1837)                        \-          hy           He-Ap        \-           \-          \-    102   3    32

  59                                                                   *Pemphredon morio* Van der Linden, 1829                       \-          hy           He-Ap        \-           \-          \-    1     1    3

  60                                                                   *Solierella compedita* (Piccioli, 1869)                       vrm         hy           He-an        \-           \-          \-    2     3    \-

  61                                                                   *Trypoxylon attenuatum* Smith, 1851                           \-          hy           Ara          \-           \-          \-    1     \-   \-

  62                                                                   *Trypoxylon deceptorium* Antropov, 1991                       \-          hy           Ara          \-           \-          \-    5     \-   3

  63                                                                   *Trypoxylon figulus* (Linnaeus, 1758)                         rm          hy           Ara          \-           \-          \-    20    37   3

  64                                                                   *Trypoxylon minus* (De Beaumont, 1945)                        \-          hy           Ara          1            \-          1     48    40   26

  **Species richness**                                                 **17**                                                        **14**      **25**       **52**       **37**       **38**                       

  **Abudance**                                                         **208**                                                       **88**      **524**      **1176**     **329**      **246**                      

  **Abudance/year**                                                    **104.0**                                                     **44.00**   **262.00**   **392.00**   **164.50**   **82.00**                    

  **The estimated number of species Chao1 (in respect of abudance)**   **57.50**                                                     **26.25**   **37.25**    **62.57**    **79.25**    **66.13**                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Particular microhabitats differed also in the degree of soil moisture, salinity and alkalinity. Physical and chemical parameters of the soil were determined with the use of Ellenberg's indicator values \[[@pone.0175664.ref034]\] (*see* [Methods](#sec005){ref-type="sec"} *- Habitat factors---Habitat conditions*).

Habitat factors {#sec007}
---------------

In each microhabitat, the selected environmental parameters were analyzed within a 200 m radius around the traps. This method is regarded as the most suitable one for the analysis of environmental conditions in biotopes of limited diversity \[[@pone.0175664.ref035]\].

The following parameters were analyzed:

1.  *Habitat structure*, i.e. the percent coverage of: herbaceous vegetation, dicotyledonous herbaceous vegetation (\> 25 cm, \< 25 cm high), grass vegetation (\>50 cm, \< 50 cm high), trees (\> 2.5 m, \< 2.5 m) and bare land.

2.  *Habitat conditions*, determined with the use of Ellenberg's indicator values \[[@pone.0175664.ref034]\]. The values for vascular plants were taken from Zarzycki et al. \[[@pone.0175664.ref036]\]. Three environmental factors, soil salinity **(S)**, soil acidity **(R)**, and soil humidity **(F)**, were described by scale of indicator values \[[@pone.0175664.ref036]\] (See [S1 Appendix](#pone.0175664.s001){ref-type="supplementary-material"})--**(S)** soil salinity (the content of NaCl in the soil): S1 (species tolerant of elevated NaCl content), S2 (species associated with saline soils); **(R)** soil acidity: R2 (acidic soils, 4 ≤ pH \< 5), R3 (moderately acid, 5 ≤ pH \< 6), R4 (neutral, 6 ≤ pH ≤ 7), R5 (alkaline, pH \> 7); **(F)** soil humidity: F2 (dry), F3 (fresh), F4 (moist), F5 (wet) \[[@pone.0175664.ref036]\]. Species were counted in individual ranges, and the calculation takes into account only the ranges that are most numerous in species.

The calculations were based on floristic inventories conducted within the area of the 200 m radius (see [S1 Appendix](#pone.0175664.s001){ref-type="supplementary-material"} for the species list).

Insect catchers {#sec008}
---------------

The insects were collected with the use of Moericke traps (white plastic pans, 20 cm in diameter) filled to ¾ with a mixture of water (94.2%), ethylene glycol (5.6%) and a detergent (0.2%). The use of coloured pans is one of the most common methods of monitoring Aculeates. Yellow and white pans are the most effective ones for collecting Aculeata \[[@pone.0175664.ref037]--[@pone.0175664.ref038]\].

Twelve traps were placed at each microhabitat every ten metres along a transect line. Each trap was mounted on a metal rod, 60 cm above ground, at the level of the herbaceous vegetation. Insects were removed from the traps every 10 days, from April to September, in the years 2007--2010 ([Table 2](#pone.0175664.t002){ref-type="table"}). The total number of samples was 1728.

In our studies, we assumed that the selected microhabitat types are preferred by different species because they offer different nesting conditions for Spheciformes. The ecological classification of the species was based on the works of Jacobs and Oehlke \[[@pone.0175664.ref039]\], Schmid-Egger *et al*. \[[@pone.0175664.ref040]\] and Blösch \[[@pone.0175664.ref023]\] ([Fig 2](#pone.0175664.g002){ref-type="fig"}).

![The percentage of *Spheciformes* in the areas affected by the soda ash industry.\
(See [Table 2](#pone.0175664.t002){ref-type="table"}).](pone.0175664.g002){#pone.0175664.g002}

We also compared the larvae food spectrum of species we found on the soda ash wastelands to the data occuring whole polish fauna of digger wasps \[[@pone.0175664.ref023], [@pone.0175664.ref041]\].

Statistical analysis {#sec009}
--------------------

The species richness was assessed using rarefaction curves \[[@pone.0175664.ref042]\]. The computations were performed with EstimateS software \[[@pone.0175664.ref043]\]. The extrapolated species richness (the number of observed species and the unobserved ones) was estimated using a Chao1 estimator \[[@pone.0175664.ref044]\].

Numerical analysis of the data was carried out with the use of CANOCO v. 4 software \[[@pone.0175664.ref045]\]. Before the analysis, the dependent variable (species) was replaced by log(x). To reveal the gradient of total variation in the data set, the indirect DCA analysis was performed. The gradient length in the data was 2.63 SD. For gradients \< 3 SD it is recommended to use linear methods \[[@pone.0175664.ref045]\]. Direct ordination was performed with the use of the Redundancy Analysis method (RDA). The significance of variables and canonical axes were examined using the Monte Carlo Permutation Test with 1000 repetitions.

RDA analysis was conducted for parameters describing the analyzed microhabitats: 8 variables describing the *Habitat structure* (*see* [Methods](#sec005){ref-type="sec"} *--Habitat factors*), and 8 parameters reflecting the *Habitat conditions S1; S2; R3; R4; R5; F2; F3; F4* (*see* [Methods](#sec005){ref-type="sec"} *--Habitat factors*). *Habitat conditions* R2 and F5 were ignored due to the least number (statistically insignificant) of indicator species of digger wasps observed. Due to the fact that variables S2 and F4 were colinear, they were combined into one variable S/F (salinity/moisture index) using the principal component analysis (PCA). The correlation between variables S2 and F4 is shown on the PCA plot, ([Fig 3d](#pone.0175664.g003){ref-type="fig"}).

![a-d. RDA ordination diagram showing the loadings of *Spheciformes* species on the axes I and II and the vectors representing the analyzed habitat parameters.\
**Pie charts show the percentage of these species in microhabitat 1 (white), microhabitat 2 (gray) and microhabitat 3 (black). The variables shown in the figure explained 66.8% of the variation in *Spheciformes* species data (the sum of all canonical eigenvalues: 0.668, the sum of all eigenvalues: 1.000; 0.668/1.000 = 0.668 i. e. 66.8%)**. Microhabitat 1: succession stage I soda ash waste, herbaceous vegetation coverage \< 60%; microhabitat 2: succession stage II soda ash waste, herbaceous vegetation coverage \> 60%; microhabitat 3: succession stage III soda ash waste, herbaceous vegetation coverage \> 80%, tree coverage \> 5%. (R) soil acidity: R5 (alkaline, pH \> 7). S/F: salinity/moisture (*See* [Methods](#sec005){ref-type="sec"}). Species name abbreviations: aly_spi---*Alysson spinosus*; amm_cam---*Ammophila campestris*; amm_sab---*Ammophila sabulosa*; arg_mys---*Argogorytes mystaceus*; ast_boo---*Astata boops*; ast_min---*Astata minor*; cer_are---*Cerceris arenaria*; cer_fla---*Cerceris flavilabris*; cer_int---*Cerceris interrupta*; cer_ryb---*Cerceris rybyensis*; cer_qui---*Cerceris quinquefasciata*; cra_cri---*Crabro cribrarius*; cra_pel---*Crabro peltarius*; cra_scu---*Crabro scutellatus*; cro_cer---*Crossocerus cetratus*; dio_lup---*Diodontus luperus*; dio_min---*Diodontus minutus*; dio_tri -*Diodontus tristis*; dry_sti---*Dryudella stigma*; ect_conf---*Ectemnius confinis*; ect_con---*Ectemnius continuus*; ect_div---*Ectemnius dives*; ect_rub---*Ectemnius rubicola*; ent_bre---*Entomognathus brevis*; gor_qui---*Gorytes quinquefasciatus*; har_lae---*Harpactus laevis*; har_lun---*Harpactus lunatus*; les_ala---*Lestica alata*; lin_alb---*Lindenius albilabris*; lin_pan---*Lindenius panzeri*; lin_pyg---*Lindenius pygmaeus*; mel_cra---*Mellinus crabroneus*; mim_bic---*Mimesa bicolor*; nys_dim---*Nysson dimidiatus*; nys_int---*Nysson interruptus*; nys_mac---*Nysson maculosus*; nys_nig---*Nysson niger*; nys_trid*---Nysson tridens*; nys_tri---*Nysson trimaculatus*; oxy_bip---*Oxybelus bipunctatus*; oxy_man---*Oxybelus mandibularis*; oxy_tri---*Oxybelus trispinosus*; oxy_qua---*Oxybelus quatuordecimnotatus*; oxy_uni---*Oxybelus uniglumis*; oxy_var---*Oxybelus variegatus*; pas_cly---*Passaloecus clypealis*; pas_sin---*Passaloecus singularis*; pem_aus---*Pemphredon austriaca*; pem_ino---*Pemphredon inornata*; pem_let---*Pemphredon lethifer*; pem_mor---*Pemphredon morio*; phi_tri---*Philanthus triangulum*; pod_aff---*Podalonia affinis*; pod_hir---*Podalonia hirsuta*; sor_com*---Solierella compedita*; tac_ful---*Tachysphex fulvitarsis*; tac_nit---*Tachysphex nitidus*; tac_pom---*Tachysphex pompiliformis*; tac_psa---*Tachysphex psammobius*; tac_uni---*Tachysphex unicolor*; try_att*---Trypoxylon attenuatum*; try_dec---*Trypoxylon deceptorium*; try_fig---*Trypoxylon figulus*; try_min---*Trypoxylon minus*.Principal Components Analysis (PCA): microhabitat 1: (A1, A2, B1, B2), microhabitat 2: (C1, C2, D1, D2), microhabitat 3: (E1, E2, F1, F2).](pone.0175664.g003){#pone.0175664.g003}

The next step in the analysis was determining two environmental gradients that reflect the degree of anthropopressure. To this end, the selected and correlated variables indicating the anthropopressure level (percentage of bare land with no plants, herbaceous vegetation, woodlands) and (S1, S2, R5, F4) (*see* [Methods](#sec005){ref-type="sec"} *--Habitat factors--Habitat conditions*) were combined with the use of principal component analysis into two components referred to as "soil degradation" and "succession stage" ([Table 2](#pone.0175664.t002){ref-type="table"}). These two secondary variables explained 86% of the total variance of the original variables. Positive values of the component "soil degradation" indicate very salty, alkaline and moist microhabitats, whereas negative values correspond to microhabitats that are not salty and are dry ([Table 1](#pone.0175664.t001){ref-type="table"}). Negative values of the component "succession stage" indicate succession stages I and II, while positive values correspond to the third stage of the succession.

A general linear model (GLM) was used to visualize the changes in species richness, abundance and diversity along the determined environmental gradients.

Results {#sec010}
=======

In total, 2571 specimens of two families, *Sphecidae* and *Crabronidae*, from 64 species (28% of the domestic Polish fauna) were trapped ([Table 2](#pone.0175664.t002){ref-type="table"}). The estimated number of species (Chao1 in respect of abundance) is presented in [Table 2](#pone.0175664.t002){ref-type="table"}.

In agreement with our hypothesis, most of the *Spheciformes* found are thermophilic species associated with open spaces. These taxa accounted for as much as 73.43% of the whole inventory, including both stenotopic and eurytopic species associated with open spaces (45.31% and 28.12%, respectively) ([Fig 2](#pone.0175664.g002){ref-type="fig"}).

Habitat preferences {#sec011}
-------------------

Three factors significantly affected the habitat preferences of the species ([Table 3](#pone.0175664.t003){ref-type="table"}). In habitats of low soil salinity and alkalinity we observed every digger wasp species found in our studies, regardless of their ecological status. Their preferences focused mainly on the habitat (vegetation) structure ([Fig 3a, 3b and 3c](#pone.0175664.g003){ref-type="fig"}).

10.1371/journal.pone.0175664.t003

###### Results of stepwise selection of variables and a Monte Carlo Permutation Test--Analysis of the significance of the effect of the studied variables on the occurrence of different species of *Spheciformes*; marked variables were significant at p \< 0.05.

![](pone.0175664.t003){#pone.0175664.t003g}

  Variables                            RDA            
  ------------------------------------ ------- ------ ------
  woodlands \< 2.5 m                   0.001   0.25   3.01
  R5 --alkaline soils (6≤pH\<7)        0.018   0.16   2.14
  S/F--salinity/humidity               0.037   0.12   1.81
  dicotyledonous vegetation \> 25 cm   0.110   0.10   1.56
  grass \> 50 cm                       0.743   0.04   0.62

For example, eurytopic species associated with open areas, such as *L*. *pygmaeus*,. *campestris*, *A*. *spinosus*, *O*. *trispinosus* or *O*. *bipunctatus*, dominated in microhabitats with a low coverage of low arborescent vegetation (\< 2.5 m) ([Fig 3a](#pone.0175664.g003){ref-type="fig"}). These taxa along with *D*. *tristis*, *L*. *albilabris* and *T*. *pompiliformis*, dominated in microhabitats of the succession stage III, the latter three species being associated mainly with flowering dicotyledonous plants (vegetation layer height \> 25 cm). Only a few species, *P*. *triangulum*, *A*. *mystaceus*, *C*. *cribrarius* and *A*. *boops*, were found in the habitats with grass vegetation (layer height \> 50 cm) ([Fig 3a](#pone.0175664.g003){ref-type="fig"}).

The analysis of the distribution of stenotopic species associated with open areas or forests revealed relationships similar to those found for eurytopic species. The highest number of digger wasp species preferred microhabitats covered with flowering dicotyledonous plants with a small component of woody species ([Fig 3b and 3c](#pone.0175664.g003){ref-type="fig"}). Some species, such as *C*. *arenaria*, *C*. *flavilabris*, *N*. *interruptus*, *M*. *bicolor*, *A*. *minor*, *D*. *stigma* are associated with open areas, and forest species *E*. *rubicola* preferred microhabitats where grassland vegetation prevailed ([Fig 3b and 3c](#pone.0175664.g003){ref-type="fig"}). The percentage composition of the distinguished species groups in the three analyzed microhabitats is presented in [Fig 3a--3c](#pone.0175664.g003){ref-type="fig"}.

Nesting preferences {#sec012}
-------------------

The analyzed community of *Sphecidae* was dominated by endogeic (soil-nesting) species. They accounted for 75.43% and 76.00% of the species inventory in the soda ash wastelands in Inowrocław and Janikowo, respectively ([Table 2](#pone.0175664.t002){ref-type="table"}). The percentage of hypergeic (above-ground nesting) species in both cases did not exceed 25%.

Food preferences {#sec013}
----------------

Larvae of species of digger wasps we found are characterised by a relatively broad food spectrum including spiders and insects. Most of the wasps (16 species) hunted for flies. Species hunting for flies were also the most common: 987 specimens were trapped (38.39% of all the digger wasps collected). One species hunted *Blattodea*, the only one in Poland. A detailed food spectrum of digger wasp larvae in the soda ash wastelands is presented in [Table 2](#pone.0175664.t002){ref-type="table"} and [Fig 4](#pone.0175664.g004){ref-type="fig"}.

![Comparison of the digger wasps larvae food spectrum between soda ash wastelands (Soda Mątwy and JanikoSoda) and whole fauna of polish digger wasps.](pone.0175664.g004){#pone.0175664.g004}

The changes in the digger wasp associations along the environmental gradients {#sec014}
-----------------------------------------------------------------------------

Digger wasp species differed between sites according to their maturity. As the RDA analysis revealed, the species distribution along the two canonical axes was not random (F-ratio = 1.810, p-value = 0.038, 1,000 permutations). Only 17 out of 64 recorded species were found in microhabitats under the highest pressure (microhabitat 1, of succession stage I, with very moist, salty and alkaline soil; [Table 2](#pone.0175664.t002){ref-type="table"}). The number of recorded species and their abundance increased with the spontaneous succession and the decreasing soil moisture, salinity and alkalinity. Similar relationships are shown for Shannon's diversity ([Fig 5](#pone.0175664.g005){ref-type="fig"}).

![RDA ordination diagram showing the loadings of 44 species on the axes I and II and two \"anthropogenic pressure\" components (see PCA, [Table 1](#pone.0175664.t001){ref-type="table"}).\
Changes in the indices describing the structure of digger wasp communities (diversity, species richness and abundance) along the anthropogenic pressure gradient (soil degradation and succession stage) are visualized using a General Linear Model (GLM). Species name abbreviations as in [Fig 3](#pone.0175664.g003){ref-type="fig"}.](pone.0175664.g005){#pone.0175664.g005}

Discussion {#sec015}
==========

Soda ash wastelands, which originated as by-products of industrial processes, provide artificial habitats in the form of anthropogenic islands with unique environmental conditions, constituted by high calcium carbonate content and excessive soil salinity and alkalinity that make these habitats unique in Poland. Our study suggests that postindustrial soda ash dumps can constitute replacement habitats for a diverse and rich digger wasp fauna, and especially for thermophilic species. Psammophilous species accounted for 45.31% of the whole list. The analyzed community of *Sphecidae* was dominated by endogeic (soil-nesting) species (more than 70%; [Table 2](#pone.0175664.t002){ref-type="table"}), whose occurrence is limited by the soil moisture and the availability of open surfaces \[[@pone.0175664.ref047]\].

The essential role of postindustrial soda ash disposal sites, i.e. habitats under a high anthropogenic pressure, in the protection of digger wasps needs to be recognised because of the high percentage (23.31%) of this species that are rare or endangered ([Table 2](#pone.0175664.t002){ref-type="table"}). At the same time, the high number and abundance of all recorded species points to these sites as valuable replacement habitats for the taxa that prefer open spaces (species associated with open spaces accounted for 73.43% of the inventory; [Table 2](#pone.0175664.t002){ref-type="table"}). Other authors have confirmed the positive role of anthropogenic habitats that support many species \[[@pone.0175664.ref003]--[@pone.0175664.ref004], [@pone.0175664.ref007], [@pone.0175664.ref012], [@pone.0175664.ref018], [@pone.0175664.ref031], [@pone.0175664.ref048]--[@pone.0175664.ref050]\].

We demonstrated that the anthropogenic pressure level, defined in terms of soil degradation and the current successional stage, significantly affects the structure of digger wasp communities.

According to our results, fresh, i.e. moist, salty and alkaline dumps as well as the sites of succession stage I are not attractive habitats for most of the digger wasp species.

Excessive soil moisture is an important factor limiting the availability of nesting places suitable for Aculeata \[[@pone.0175664.ref047], [@pone.0175664.ref051]\]. Due to the harsh conditions, such places are dominated by more or less homogenous halophilous vegetation ([Table 1](#pone.0175664.t001){ref-type="table"}, [S1 Appendix](#pone.0175664.s001){ref-type="supplementary-material"}), that is accompanied by highly specialized but less diversified animal communities \[[@pone.0175664.ref052]\].

Over time, as spontaneous succession proceeds, the habitat becomes less salty and drier; these changes are correlated with the increase in biodiversity \[[@pone.0175664.ref019], [@pone.0175664.ref053]\].

The reported increase in the species number, abundance and diversity of Spheciformes along the specified environmental gradients was associated both with changes in the physical and chemical soil properties and with spontaneous succession. We have demonstrated that the analyzed and correlated variables: soil salinity, alkalinity and moisture significantly influenced the occurrence of particular species and the structure of Spheciformes. We believe that the soil moisture (a variable correlated with the other ones and therefore removed from the RDA analysis, [Table 3](#pone.0175664.t003){ref-type="table"}) was the main factor limiting the distribution of digger wasps.

The abovementioned relationships are partially consistent with other reports \[[@pone.0175664.ref046], [@pone.0175664.ref054]--[@pone.0175664.ref055]\] showing that dry places with a scarce vegetation cover provide habitats suitable for digger wasps. Microhabitats analyzed in this study that had little plant cover were not attractive as nesting places, most likely because of their excessive soil moisture and salinity.

It seems that the later stages of vegetation development with small woody species is especially favorable for the analyzed fauna, because it promotes not only species associated with open areas, but also stenotopic forest species ([Table 2](#pone.0175664.t002){ref-type="table"}). It is to be expected, however, that with the spontaneous succession toward forest vegetation the diversity of digger wasps would decrease \[[@pone.0175664.ref054]\]. A similar tendency was observed by Tropek *et al*. \[[@pone.0175664.ref032]\] in the habitats provided by postindustrial heaps: the number of *Aculeata* decreased with the simplification of the habitat structure due to succession. It has to be kept in mind, however, that the reaction of various invertebrates to the plant succession may vary between habitat types.

We also observed that the habitats of the succession stage I with a small number of flowering plants were hardly penetrated by adult forms of the digger wasps, in spite of an abundant supply of food for the larvae of the analyzed Sphecidae community.

At the same time, a broad spectrum of food for the larvae in the analyzed area (including spiders and insects of eight orders) suggests that postindustrial soda ash basins provide diverse habitats capable of supporting a wide range of animal species ([Table 2](#pone.0175664.t002){ref-type="table"}).

It seems that favorable thermal conditions in soda ash wastelands facilitate the expansion of insects to these areas. In the analyzed habitats we recorded mostly common species widely distributed in Poland. Rare and endangered species comprised only 23.31% of the whole list. The figure is considerably lower than the value of more than 50% reported from the Kampinos National Park Biosphere Reserve \[[@pone.0175664.ref047]\].

At present, the area of the Park, representing a mosaic of forest and open habitats, provides a refuge for species of the Polish Lowlands \[[@pone.0175664.ref047]\]. Similarly to the habitats of soda wastes, the area is dominated by thermophilic species nesting in the ground and associated with open habitats \[[@pone.0175664.ref047]\]. Spheciformes species with similar habitat requirements were also found in the course of studies carried out on spoil tips (coal waste dumps) \[[@pone.0175664.ref003]\], in sand pits \[[@pone.0175664.ref007]\], or within the impact zone of motocross sports \[[@pone.0175664.ref056]\]. The number of species caught in each of these cases was lower than that recorded in the habitats of the soda wastelands. The attractiveness of open habitats of anthropogenic origin was also confirmed for other insect groups. It was shown that, compared to grasslands, railway embankments are richer both in the number and abundance of bee and butterfly species \[[@pone.0175664.ref057]\]. The sand wasps that dominanted in the habitats of soda wastes are represented by: *Oxybelus quatuordecimnotatus*, *Cerceris rybyensis* and *Crabro cribrarius*. The high relative abundance of these species resulted from favourable habitat conditions. Furthermore, noteworthy is the collection of 17 specimens of *Ectemnius confinis*, which does not belong to species commonly caught in similar habitat types. In Central Europe, the species is classified as highly endangered \[[@pone.0175664.ref023]\]. A high content of CaCO~3~ (and the lack of stress factors at later succession stages) creates favorable conditions not only for digger wasps but also for other thermophilic insects.

We believe that the analyzed habitats provide replacement habitats for both digger wasps and their potential prey species. Therefore, understanding the mechanisms responsible for the diversity of invertebrates in the analyzed areas is of the utmost importance. The discovered relationships can provide guidelines for the later utilization of basins of soda ash by-products, which are important refuges for fauna species. Furthermore, these results might be the foundation for actions aimed at raising the profile of these unique anthropogenic habitats and to help alleviate the common stereotype of anthropopressure being only a biodiversity-limiting factor. The study also contributed to research in the distribution dynamics of the selected *Aculeata* species in the agricultural environment of the Kujawy region.

Supporting information {#sec016}
======================

###### List of plant species microhabitats occurring within impact of postindustrial soda ash dumping sites and their ecological characteristics.

(DOC)

###### 

Click here for additional data file.
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